Abstract
umbilical median laparotomy. On day 4 post-implantation, when the tumors were about 1 cm in diameter, the rabbits were randomly divided into the following groups (n = 8 each group) to assess early (24 h ) and late (7 d) antineoplastic effects of intratumoral injection of 10% bicarbonate aspirin solution (experimental groups) in comparison to intratumoral injection of physiological saline solution (control groups): group 1, 24 h control; group 2, 24 h experimental; group 3, 7 d control; group 4, 7 d experimental. The serum biochemistry profile (measurements of glycemia, alkaline phosphatase, gamma-glutamyl transferase, aspartate aminotransferase, and alanine aminotransferase) and body weight measurements were obtained for all animals at the following time points: D0, before tumor implant; D4, day of treatment; D5, day of sacrifice for groups 1 and 2; D11, day of sacrifice for groups 3 and 4. Gross assessments of the abdominal and thoracic cavities were carried out upon sacrifice. The resected liver tissues, including hepatic tumors, were qualitatively (general morphology, signs of necrosis) and quantitatively (tumor area) assessed by histopathological analysis.
RESULTS:
Gross examination showed no alterations, besides the left hepatic lobe tumors, had occurred in the thoracic and abdominal cavities of any animal at any time point evaluated. However, the features of the tumor foci were distinctive between the groups. Compared to the control groups, which showed normal unabated tumor progression, the aspirin-treated groups showed imprecise but limited tumor boundaries and a general red-white coloration (indicating hemorrhaging) at 24 h post-treatment, and development of yellow-white areas of a cicatricial aspect at 7 d after treatment. At all time points evaluated, all except one biochemical parameters tested within the reference range (P > 0.05); a significant increase was detected in the alkaline phosphatase level of the control group 3 on D11 (P < 0.05). At 24 h post-treatment, the aspirintreated groups showed extensive coagulation necrosis accompanied by a remarkable absence of viable tumor foci; at 7 d after treatment, the tumors had completely disappeared in these animals and fibrous necrotic nodules had developed. In contrast, throughout the study course, the tumors of the control groups remained unchanged, showing tumor nodules without necrosis at the time point corresponding to 24 h post-treatment and increased amounts of tumor nodules at the time point corresponding to 7 d post-treatment. Quantitative analysis of the remaining tumor area revealed that the aspirin-treated groups had significantly smaller tumor foci at 24 h post-treatment (8.5% ± 0.7%) and
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INTRODUCTION
Cancer is the leading cause of death in economically developed nations and the second leading cause of death in developing nations [1] . Myriad advances in detection and treatment modalities have led to decreases in the mortality rates for the most common cancers in the United States and other western countries (i.e., lung, colorectal, female breast, and prostate); yet, many of these technologies have not yet reached the less developed and economically transitioning countries [2] , where the rates of cancers are actually increasing. Thus, there remains a need for development of simple and effective therapeutic approaches; moreover, such novel therapies will be based upon the convenient and practical methodologies to determine a patient's prognosis that are currently in practice in the poorer and less technologically advanced clinics, such as histological detection of lymphatic compromise, local recurrence, tumor staging, and presence of distant metastases [3] . In general, cases of distant metastases frequently involve the liver, and these patients account for approximately 40% of the population diagnosed with terminal cancer [4] . Furthermore, colorectal cancer (a leading public health concern worldwide) is associated with high risk of liver metastasis; it has been estimated that nearly 50% of colorectal cancer patients develop liver metastasis at some point during the course of their disease [5] . Although many therapies targeting liver metastases are available [6] , surgical resection remains the treatment option with the highest cure rate [6] [7] [8] [9] . However, the curative efficacy is influenced by several features related to the metastasis itself (i.e., number, location, and extent), the patient condition (i.e., comorbidities, fitness for surgery/anesthesia), and the healthcare setting (i.e., physician expertise, availability of technical and financial resources) [7, 8] . As a consequence, curative surgery is not a feasible option for all patients; indeed, it has been estimated that up to 80% of patients with colorectal cancer liver metastases are not viable candidates for surgical removal [10] . Alternative non-surgical approaches are available for treating such patients [11, 12] ; the most common being physical ablative techniques (cryotherapy, radiotherapy, laser, and microwave) and chemotherapy [7] [8] [9] , which have shown appreciable efficacy and safety profiles. However, clinical application of these approaches is still impacted by somewhat prohibitive cost and extent of involvement required of the patients (e.g., several return visits for serial chemotherapy administrations), as well as adverse side effects (e.g., emesis and anemia), some with life-threatening potential (e.g., immune system suppression and anaphylactic shock). Thus, the need for a low-cost, simple antineoplastic treatment with good efficacy and low side effect profile has yet to be fulfilled [13] .
Over the past few years, our research group has evaluated the cytolytic and antineoplastic potentials of acetylsalicylic acid (aspirin) and its derivatives [14] [15] [16] . The collective results from our in vitro (cultured tumor cell systems) and in vivo (animal-implanted tumors) analyses suggest that injecting aspirin directly into liver tumors may destroy the lesion with minimal or no adverse effects, either locally or systemically. Therefore, the current experimental study was designed to evaluate the therapeutic efficacy and safety of intratumoral aspirin injection using the well-established VX2 tumor rabbit model of hepatic metastases.
MATERIALS AND METHODS
Ethics statement
The study was conducted with pre-approval by the Ethics Committee of Botucatu Medical School at São Paulo State University (UNESP), Brazil. All procedures involving animals were carried out in accordance with the standards of published in the Care and Use of Laboratory Animals by the Institute for Laboratory Animal Research (1996) and the ethical principles of the Brazilian College on Animal Experimentation (COBEA).
Animal housing and tumor implantation
Thirty-two male New Zealand albino rabbits (6-9 wk-old, weighing 1700-2500 g) were housed under 12/12 h lightdark cycles with unrestricted access to standard rabbit chow (Coelhil R ® -Socil: Belo Horizonte, MG, Brazil) and water. Six hours prior to the tumor inoculation, the animals were fasted.
The rabbits were administered general anesthesia by intravenous injection of 3% sodium pentobarbital (30 mg/kg body weight). VX2 tumor cell suspension containing 10 4 cells (Boston University, MA, United States) were injected slowly into the left hepatic lobe using a 27-gauge needle via supra-umbilical median laparotomy, as previously described [17] . The laparotomy incision was closed by suturing with non-dissolving stitches (Ethicon mononylon 4-0; Johnson and Johnson, São José dos Campos, SP, Brazil).
Study design and intratumoral aspirin injection
Four days after the VX2 inoculation, when the tumors had reached about 1 cm in diameter [17] , the rabbits were randomly divided into experimental and control groups (n = 16 each) for a second laparotomy to receive intratumoral injection of 10% aspirin or physiological saline solution, respectively. The 10% aspirin solution (pH: 7.27) was generated by diluting 5000 mg of acetylsalicylic acid (Pharma Nostra, Brazil) in 50 mL of 10% sodium bicarbonate solution. Treatments were administered as 0.5 mL aliquots of the experimental or control solution, as this volume was sufficient to infiltrate the entire hepatic lesion.
The experimental and control groups were further sub-divided into equal groups (n = 8 each) for analysis of early (24 h post-treatment) and late (7 d post-treatment) effects [14] [15] [16] . Thus, the four study groups were: group 1, 24 h non-treated VX2 tumor control; group 2, 24 h aspirin-injected VX2 tumor experimental; group 3, 7 d non-treated VX2 tumor control; group 4, 7 d aspirininjected VX2 tumor experimental. At each group's endof-treatment time, the animals were sacrificed by intravenous anesthesia overdose.
Monitoring of clinical evolution and effects on serum biochemistry markers of liver function
All animals underwent clinical evaluation to assess the disease evolution using objective parameters of postsurgical recuperation, such as resumption of feeding and activity. Effects on liver function were assessed by biochemical analysis of serum markers, including alkaline phosphatase (ALP), gamma-glutamyl transferase (GGT), aspartate aminotransferase (AST) and alanine aminotransferase (ALT). In addition, changes in body weight and glycemic status were recorded. Assessments were made at the following time points: D0, before tumor implant; D4, day of treatment; D5, day of sacrifice for groups 1 and 2; D11, day of sacrifice for groups 3 and 4.
Gross and microscopic analysis of liver and tumor specimens Immediately upon anesthesia overdose, a third laparotomy was performed for specimen collection (all lesions were removed) and gross evaluation of the abdominal and thoracic cavities. The specimens were sectioned and prepared for histopathological analysis by bright field op-tical microscopy with hematoxylin-eosin staining, which was conducted by an experienced pathologist who was blinded to the study. Qualitative analysis was performed by analyzing the morphological features of tumor specimens. Quantitative analysis was performed by measuring the percentage of total liver tissue that was represented by tumor cells using the Optimas ® 6.1 imaging software.
Statistical analysis
The significance of between-group differences in tumor tissue area (in mm 2 ) over time (in days) was assessed by the two-factor repeated measure ANOVA F test. Percentage data was analyzed using the non-parametric test for repeated measures. All statistical analyses were carried out by the SAS statistical software (version 9.2 for Windows; SAS Institute, United States). Statistical significance was indicated by 95%CI or P value of < 0.05.
RESULTS
Early effects of intratumoral aspirin injection
Clinical evolution, weight, glycemia, and liver function: At 24 h post-treatment, all animals in groups 1 and 2 presented good clinical evolution without any deaths. All biochemical parameters were within the normal range, and the differences between the control and experimental treatment groups did not reach statistical significance (P > 0.05).
Gross features of tumors and proximal tissues:
Unlike the thoracic cavity, the abdominal cavity appeared to be remarkably affected by the experimental treatment. The animals in group 1 showed well-defined, solid, yellowy-white hepatic lesions, measuring between 0.9 and 1.2 cm in diameter, occurring as singlets in all rabbits. The animals in group 2 also developed singlet solid lesions, measuring between 0.8 and 0.9 cm, but with the distinctive gross features of imprecise but limited borders, redwhite coloration (indicating hemorrhaging), more extensive involvement of the hepatic tissue, and a cystic aspect.
Histopathogical features of tumors:
The livers from group 1 animals showed tumor nodules embedded throughout the normal hepatic tissue, and no necrotic areas ( Figure 1A ). The livers from group 2 animals also showed tumor nodules throughout the organ, but the hepatic parenchyma also showed extensive necrotic areas and hemorrhaging. In addition, intraparenchymal inflammatory infiltrates were observed, and there was a remarkable absence of viable tumor foci ( Figure 1B) .
The mean tumor area in livers from group 1 animals was significantly higher than that in the group 2 animals (98.5% vs 8.5%, P = 0.0036) ( Table 1 ). This result clearly demonstrates the cytolytic effect of intratumoral aspirin injection. Table 2 Mean serum alkaline phosphatase levels at three times (D0, D4 and D11) 1, 2 No difference between them (DMS) at 5% significance level; mals in groups 3 and 4 presented good clinical evolution without any deaths at 7 d post-treatment. In additional, all animals experienced weight gain. All of the biochemical parameters measured were also within normal range, with the notable exception of ALP (Table 2 ). In group 3, the ALP level was enhanced over time (D4: 129 vs D11 172, P < 0.05). This effect was not observed in group 4, indicating that the antineoplastic effects of intratumoral aspirin injection also helped to restore liver function.
Late effects of intratumoral aspirin injection
Gross features of tumors and proximal tissues:
Similar to the results at 24 h post-treatment, the thoracic cavity appeared to be unaffected but the abdominal cavity appeared to be remarkably affected by the experimental treatment. The animals in group 3 showed solid, yellowywhite, nodular tumoral lesions, measuring between 1.2 and 1.6 cm in diameter; however, unlike the results at the early time point, each animal had developed multiple small punctiform lesions around the nodular tumoral lesion. These multiple lesions were restricted to the left hepatic lobe, and no other lesions were observed in the right lobe or in the rest of the abdominal cavity. The animals in group 4 showed small, superficial, yellowy-white lesions with cicatricial characteristics, measuring between 0.2 and 0.4 cm. Histopathogical features of tumors: Similar to the results at 24 h post-treatment, the livers of group 3 animals showed well-defined tumor nodules throughout the hepatic tissues, and no necrotic areas ( Figure 1C ). In stark contrast to both the livers of group 3 and those from group 2 (at the 24 h post-treatment time point), the livers of group 4 showed no tumor nodules; only a few isolated tumor cells associated with the presence of fibrous necrotic nodules and actively proliferating normal hepatic ducts and cells were observed ( Figure 1D ). The mean tumor area in livers from group 3 animals was significantly lower than that in the group 4 animals (94.0% vs 11.0%, P = 0.0035) ( Table 3 ). This result clearly demonstrates the maintenance of the cytolytic effect of intratumoral aspirin injection.
DISCUSSION
The VX2 hepatic tumor rabbit model is a sufficiently accurate tool for experimental investigations of newly developed anti-tumor treatments, and has been successfully applied to research of adriamycin [18, 19] , microwave ablation [20] , angiogenesis inhibitor [21] , oxaliplatin [22, 23] , and interventional radiology [24, 25] . To the best of our knowledge, however, the study described herein represents the first usage of this rabbit model to study the antineoplastic effects of intratumoral 10% aspirin injection.
The intratumoral aspirin injection produced good clinical and weight evolution in all animals, without any deaths, suggesting not only good therapeutic efficacy but also a good safety profile. In particular, no toxic or detrimental effects (either local or systemic) were observed. The absence of early effects on glycemia or liver function markers indicates that neither the implanted tumor cells nor the intratumoral aspirin treatment elicited any major functional alterations (that would be otherwise detectable by biochemical tests). However, a late effect on ALP levels was observed in untreated rabbits with hepatic tumors, suggesting that the tumorigenesis may induce intrahepatic cholestasis and bile duct compression [26] . The fact that this effect was absent in the aspirin-treated rabbits provides further evidence of this therapy's anti-tumor efficacy.
The lack of gross changes in the thoracic cavity (organs and serous membranes) of control animals suggests that the inoculated tumor cells did not undergo extensive or aggressive metastasis. In addition, the lack of gross changes (no signs of hemorrhaging or pulmonary condensation) in the thoracic cavity of experimental animals indicated that the intratumoral aspirin injection did not cause any damage to the proximal pulmonary tissues.
Obvious early differences in the gross features of livers with and without the aspirin treatment, including extensive coagulation necrosis in the treated hepatic parenchyma, minimal viable tumor foci, and quantifiable decrease in tumor cells, demonstrated rapid therapeutic efficacy. The low level of viable tumor cell foci present in the aspirin-treated livers may reflect usage of an insufficient injection volume or sub-optimal perfusion. Obvious late differences in the gross features of livers with and without the aspirin treatment indicated treatmentinduced relief of tumoral lesions without evidence of recurrence. However, the aspirin-treated livers showed signs of fibrosis, suggesting that the remaining tumor tissue may differentiate to fibrotic scar tissue.
Recent studies with cultured human colorectal cancer cells have demonstrated the inhibitive activities of aspirin on proliferation and its inductive activities on apoptosis [27, 28] . Still other in vitro studies have shown that aspirin can inhibit the growth of endometrial cancer cells [29] , and induce apoptosis in human oral cancer cells [30] and in B cell chronic lymphocytic leukemia cells, via activation of caspases [31] . Moreover, aspirin pretreatment was found to augment TRAIL-induced apoptotic death in the human prostate adenocarcinoma line, LNCaP, and in the human colorectal carcinoma line, CX-1 [32] . Regular intake of nonsteroidal anti-inflammatory drugs and cyclooxygenase (COX) inhibitors, such as aspirin, can reduce the risk of developing some cancers [33] [34] [35] . Considering that COX-2 overexpression is a frequent finding of many cancer specimens [36] , we are intrigued by the idea that the direct application of aspirin to tumors may stimulate apoptosis and destroy the cancer cells through a mechanism involving inhibition of COX proteins.
Some limitations inherent to this study design may have impacted our results and must be considered with interpreting our findings. First, our study focused solely on one therapeutic agent, and no comparisons were made with similar substances, such as acetic acid. However, we previously demonstrated that aspirin has less toxicity than either aqueous phenol, acetic acid, or glycerine [14] [15] [16] , and therefore we have focused our subsequent research on aspirin [37] [38] [39] . Second, we did not evaluate the pharmacological parameters of the aspirin treatment. Since acetylsalicylic acid is one of the best studied therapeutic substances [40] [41] [42] , we chose to focus our current study on its antineoplastic benefit and safety as an intratumorallydelivered agent for liver cancer. Future experimental studies should not only be designed to overcome these limitations but also to include further long-term effects of this solution and delivery method prior to extending the analysis to humans in a clinical environment.
In conclusion, the rabbit VX2 hepatic tumor model was used to show that intratumoral injection of 10% aspirin can induce tumor destruction within 24 h after delivery, and that the antineoplastic effects were maintained out to 7 d post-treatment, with no signs of necrotic areas A or tumor nodules but with signs of hepatic tissue regeneration and fibrosis foci.
COMMENTS
Background
Colorectal cancer remains a major public health concern, especially in developing countries. Moreover, it is estimated that approximately one-half of patients with colorectal cancer will develop liver metastases during the disease course, yet only 20% of these individuals are good candidates for curative liver resection. As such, there is an urgent need for new treatment modalities that are simple, cost-effective, and efficacious.
Research frontiers
The current non-surgical treatment options for liver metastases have limited therapeutic efficacy, and are cost-prohibitive, inconvenient, and associated with detrimental side effects. Development of a new treatment modality that is technically simple, minimally-invasive, and able to be performed in a single (or minimal) application(s), such as intratumoral aspirin injection, will improve disease outcome among those patients who are not fit for curative resection.
Innovations and breakthroughs
Using the rabbit VX2 tumor model, intratumoral injection of aspirin was shown to safely, rapidly, and effectively induce tumor destruction followed by hepatic tissue regeneration and differentiation to fibrotic scar tissue.
Applications
These findings indicate the promise of a new therapeutic approach for managing unresectable liver metastases, which may be developed as a technically simple, low-cost, efficacious therapy for future clinical application.
Peer review
This is an interesting in vivo analysis demonstrating the antineoplastic effects of 10% aspirin in hepatic tumors, which was based on the VX2 rabbit hepatic tumor model. The content is of scientific interest has potential clinical relevance, but further research is needed prior to its application in humans in the clinical setting.
